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The collective rotational enhancement in the nuclear level density (NLD) arising due to nuclear
deformation is still not well understood due to sparse experimental findings. To address this issue,
angular momentum (J) gated neutron, proton and GDR y-ray spectra have been measured from two
deformed nuclei (%°Tm and 13°Re) and one near spherical nucleus (2°'Tl) by populating them around
26 MeV excitation energy. An enhanced yield compared to statistical decay is observed in all the three
spectra (p, n, y) for both the deformed nuclei but only statistical decay for near spherical nucleus.
Intriguingly, the relative enhancement factors determined independently from all the spectra are very
similar (~ 10) for both the deformed nuclei. Moreover, the results indicate that the fadeout of the
collective enhancement does not dependent strongly on the nuclear ground state deformation which
is in stark contrast to the expectations of the phenomenological as well as microscopic calculations. The
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possible reasons for this discrepancy are discussed.
© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3.

The nucleus is a complex quantum many body system where
single particle as well as collective degrees of freedom constitutes
elementary modes of excitation. Understanding the coexistence of
these two contrasting facets of nuclear dynamics has been a funda-
mental problem in nuclear science [1,2]. The single particle excited
states are described by the concept based on nucleons, comprising
of neutrons and protons, occupying single particle orbits which are
generated from their independent motion in a mean field poten-
tial [3]. The density of these quantum mechanical states increases
rapidly with the increase in excitation energy and soon becomes
extremely large [4-7]. The knowledge of the nuclear level density
(NLD), defined as the number of excited levels per unit of exci-
tation energy for a nucleus, is essential in numerous applications
such as basic nuclear physics research, nuclear medicine [8], design
of nuclear reactors, astrophysics [9] and fundamentally provides
important information about nuclear thermodynamics [10]. On the
other hand, the collective mode of excitation arises when the equi-
librium shape of the nucleus deviates from spherical symmetry
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leading to ellipsoidal shapes [1]. The origin of this deformation is
explained by the residual interaction between the nucleons occu-
pying the single particle orbits in different configurations [11]. The
key role of deformation is that it not only alters the spacing and
order of the single particles states but also introduces rotational
levels (collective degree of freedom) built on each intrinsic state
resulting in an enhancement of the NLD [12,13]. The manifestation
of the collective rotational enhancement in the NLD still remains
a puzzling topic due to lack of experimental evidence. Up to now,
a rather big uncertainty exists in the estimation of the magnitude
of collective rotational enhancement and its fadeout with the in-
crease in excitation energy [14-18].

The total collective enhancement in the NLD consists of vibra-
tional and rotational excitations. The rotational enhancement, how-
ever, is much stronger and dominates for deformed nuclei [14-16].
The behavior of the rotational enhancement factor has been inves-
tigated quantitatively in different theoretical models. It has been
predicted, assuming mirror and axial symmetry of the nucleus,
that the level density should be af larger (o0 ~ 10 for A =170)
[1,13,16] than the spherical nucleus, while the state densities (tak-
ing into account the degeneracy of each level) should only be
2/ o) times greater [12,18], where o is the spin cutoff pa-
rameter perpendicular to the symmetry axis given as Uf =0T /hz.
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I, is the rigid body moment of inertia perpendicular to the sym-
metry axis and T = /U/a is the temperature. Besides, the fade-
out of the enhancement has been predicted based on the nuclear
shape transition. It is expected that a nucleus which is deformed
at low energies would become spherical at higher energies. Con-
sequently, any collective effect should disappear since the distinc-
tion between rotational and intrinsic motions becomes impossi-
ble. The calculations predict this shape transition at temperature
T ~ 1.7 MeV corresponding to an excitation energy of 60 MeV for
A ~ 170 nuclei having f; = 0.3 (ground state quadrupole deforma-
tion) [1,19]. However, the scarce experimental evidences have been
contradictory [15,17] and no systematic data exists to verify the
above predictions. Very recently, the experimental studies on neu-
tron evaporation spectra from the rare earth nuclei have indicated
the fadeout region around 15 MeV excitation energy (T ~ 0.8 MeV)
[20-23], much below the predicted transition region.

Since the shapes of particle and y spectra depend on the NLD,
the collective enhancement should invariably manifest itself via
both the decay channels. Hence to ascertain the fadeout region,
angular momentum gated neutron, proton and the giant dipole
resonance (GDR) spectra have been measured to probe the ex-
pected transition region. The GDR is macroscopically interpreted
as the out of phase oscillation between the protons and the neu-
trons [24,25]. The damping of this motion results in the emis-
sion of high-energy y rays (8-20 MeV). The measurements were
performed for two deformed nuclei '%Tm (8, = 0.29) and '8°Re
(B2 =0.22) so as to understand the deformation effect on the fade-
out region as well as on the enhancement factor. Finally, a near
spherical 2%1Tl (8, = 0.04) nucleus was also populated to estab-
lish the outcome arising only due to deformation. In this Letter,
we present a clear signature of the enhancement in all the studied
channels for both the deformed nuclei and only statistical decay
for near spherical nucleus which help us to fathom out the inter-
play between collective mode and single-particle states.

The 169Tm, '85Re and 2°'TI compound nuclei were formed in
the reactions “He + '®5Ho, “He + 181Ta and “He + '%7Au, re-
spectively, with 28 MeV alpha beams from the K-130 Cyclotron
at the Variable Energy Cyclotron Centre, Kolkata. The initial ex-
citation energies for 1%9Tm, 18°Re and 2°'Tl were 26.1, 25.2 and
25.9 MeV, respectively. High-energy y rays from the decay of the
GDR (> 5 MeV) were measured at an angle of 90° with respect
to the beam axis employing the LAMBDA spectrometer arranged
in a 7 x 7 array (49 BaF, detectors) [26]. The detector array was
kept at a distance of 50 cm from the target. The neutrons were
separated from the high-energy y rays in the LAMBDA detectors
using the time of flight (TOF) technique. The pile-up events were
rejected by measuring the charge deposition over two integrating
time intervals (30 ns and 2 ps). The proton spectra have been de-
tected using a silicon detector (surface barrier) telescope kept at
140° angle with respect to the beam axis. The thickness of AE
and E detectors were ~ 50 and ~ 5000 microns, respectively. The
calibration of the telescope was done using 22°Th «-source. The
neutron evaporation spectra were measured using a 5” x 5” liquid-
scintillator [27] (BC501A) placed outside the scattering chamber at
150° angle with respect to the beam direction and at a distance
of 150 cm from the target. The pulse shape discrimination (PSD)
property of liquid scintillators was exploited for differentiating the
neutrons and y-rays. A 50-element low energy y multiplicity fil-
ter [28] was used to estimate the angular momentum populated
in the compound nucleus in an event-by-event mode as well as
to get a fast start trigger for time-of-flight (TOF) measurements.
The filter was split into two blocks of 25 detectors, each of which
were placed on the top and bottom of a specially designed scatter-
ing chamber at a distance of 4.5 cm from the target in staggered
castle-type geometry [22]. The high-energy y rays (coming from
the decay of the GDR), protons and neutrons were measured in-
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Fig. 1. (a) The experimental fold distributions (symbols) compared with GEANT sim-
ulation (continuous line). (b) The total fusion cross section and the experimentally
selected cross section are compared with each other.

dependently but in coincidence with the multiplicity filter when
at least one detector each from the top and bottom blocks fired
together. This 3-fold coincidence ensured the selection of events
from the higher part of the compound nucleus (CN) spin distri-
bution which considerably reduce the contribution of non-fusion
events in the high-energy gamma ray spectra. The cyclotron RF
time spectrum was also recorded with respect to the master trig-
ger to ensure the selection of beam-related events.

The energy of the emitted neutrons was determined using the
TOF technique. The time resolution of the neutron detector was
typically about 1.2 ns which gave an energy resolution of about
0.9 MeV at 10 MeV for the present setup. The efficiency of the
neutron detectors were measured with the same experimental
condition using a 2°2Cf source. The scattered neutron contribu-
tions in the measured neutron spectra were also estimated and
subtracted using the “shadow bar” technique by placing 60 cm
thick high-density plastic (HDP) blocks in between the target and
the detectors. The high-energy y spectra were generated in of-
fline analysis following the cluster summing technique [26,29]. The
contribution from bremstrahlung was estimated and subtracted by
fitting the exponential functions (e~£v/£0) in the y energy in-
terval 19-24 MeV. The slope parameter (Eg) was similar to the
bremsstrahlung systematic [30], which has been verified in our
previous experiments [22,31] at the same beam energy. The ex-
perimental fold (number of detectors fired in each event) distri-
bution measured using the y-multiplicity filter was converted to
the angular momentum distribution through comparison with a
detailed GEANT simulation [28]. The fold distributions measured
by gating on the proton, GDR y rays and neutron along with the
selected angular momentum distribution for the reaction *He +
18173 populating '8Re are shown in Fig. 1. The angular momen-
tum (< J >=12 £ 3 h) gated neutron, proton and high-energy y
spectra from '%°Tm, 8°Re and 2°'TI in center of mass frame are
shown in Fig. 2.

Most noteworthy is the enhanced yield in GDR (~ 16 MeV),
neutron (~9 MeV) and proton spectra (~ 11 MeV) (shown with
arrow) for both the deformed nuclei but only statistical decay (no
enhancement) is observed for near spherical nucleus. It should be
emphasized here that at these excitation energies the enhanced
region probed by different decay channels are predominantly from
the first decay step enabling us to study the enhancement in a par-
ticular nucleus [22,32]. However, it is crucial to ascertain whether
the enhanced yields are from compound nuclear decay. It has been
shown earlier that, in alpha induced reactions, the high-energy
GDR y rays are emitted from a purely equilibrated statistical sys-
tem by populating the same compound nucleus via different en-
trance channels [25]. Moreover, the non-fusion events are only
associated with low angular momentum and y rays less than
10 MeV because in these reactions the projectile/reaction prod-
ucts take away significant part of the input kinetic energy which
leaves the residual nuclei with lower excitation energy and much
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Fig. 2. The GDR and proton yield is per 0.5 MeV and the neutron yield is per MeV.
The continuous and dashed lines represent the statistical model calculations with
and without the collective enhancement in the NLD. The enhanced yields in GDR,
neutron and proton spectra compared to statistical decay are displayed in inset and
also shown with arrows.

smaller angular momentum compared to the compound nucleus
[33]. Since, in our experiment, we have selected the higher part of
the spin distribution, the high-energy GDR y ray around 16 MeV
can only arise from fully energy equilibrated compound nucleus. In
order to understand the contribution of pre-equilibrium emission
in the particle spectra, we have performed EMPIRE 3.2.3 and TALYS
1.95 code calculations which provide pre-equilibrium contribution
corresponding to inclusive spectrum (Fig. 3). As can be seen, the
predicted pre-equilibrium contribution is very similar for all three
nuclei selected in this experiment. However, the experimental data
is completely different from those predicted by the pre-equilibrium
emission. The enhancements observed in '81Ta and '6>Ho reactions
are also very dissimilar compared to pre-equilibrium emission. We
tried to fit the observed enhanced spectra by changing the pcross
parameter in EMPIRE code from 0.5 to 1.5 and M1 constant param-
eter from 0 to 100 in the TALYS code. But it was not possible to
represent the spectra by pre-equilibrium emission as the nature of
experimental and theoretical spectra are completely different due
to selection of high spin distribution. The EMPIRE calculation with
pcross 1.3 and TALYS with default parameter are shown in Fig. 3.
The loss of angular momentum due to pre-equilibrium emission
in alpha induced reactions has been studied earlier [34,35]. It has
been shown that the pre-equilibrium high energy neutrons take
away much higher angular momentum compared to statistical de-
cay. At 28 MeV incident energy (as in our case), a pre-equilibrium
neutron or proton emission in the energy range 8-14 MeV will
take away large angular momentum (since 2/3 of the incident en-
ergy is lost after taking into account the binding energy of the
nucleons) whereas a statistical decay takes away around 0.4-0.5 h
[34] depending on the spin-dependent level-density. Thus, a pre-
equilibrium decay will populate the residual nuclei at much lower
angular momentum compared to the compound nucleus. The fold
distributions (Fig. 1) obtained by gating on the proton, neutron and
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Fig. 3. Neutron (150°) and proton (140°) spectra have been compared with the cor-
responding pre-equilibrium + compound nucleus prediction of EMPIRE and TALYS
code. The compound nucleus contribution from CASCADE code is also shown.

GDR spectra overlap with each other (for all the reactions) which
suggest similar spin distribution of the residual nuclei populated
via different channel emphasizing the compound nuclear decay.

In order to obtain a quantitative estimate of the enhancement
factor, the data have been compared with the statistical Hauser-
Feshbach model. The individual particle transmission coefficients
were calculated by solving the Schrodinger equation with an opti-
cal potential for the particle-nucleus interaction. The potential pa-
rameters for neutron, proton, and alpha were taken from Refs. [36],
[37] and [38], respectively. The intrinsic level density used in the
modified version of the CASCADE code [39,40] is given as

2] +1 —exp(2+/al)
pint(E*, J) = 1293/2«/5 T 1)
Here, U = E* — JUFDR Ap is the thermal energy. JYFDR? 4

2leff 2legf

the energy bound in rotation and 6 = 2:{", where Iofs is the ef-
fective moment of inertia. The excitation energy is shifted back
by the pairing energy A, which is calculated using the relation

Ap = %. The NLD parameter a is related to the single-particle

density of states at the Fermi energy. The prescription of Ignatyuk
[41] was used for the level density parameter which is given as
a=a[1+ (AS/U)(1 —exp(—yU))] where a = A/k, AS is the shell
correction and y is the shell damping factor. This parametrization
takes into account the nuclear shell effects at low excitation energy
and connects smoothly to the liquid drop regime at high excitation
energy. It has been found to explain the high-energy y ray spectra
quite well in different mass regions both with heavy and light ion
reactions [40,42].

The statistical model calculations for GDR, neutron and pro-
ton decay from all the studied nuclei are displayed in Fig. 2. It
can be seen from Fig. 2 (g-i) that the statistical model calcula-
tion represents the GDR, neutron and proton spectra from 201T]
excellently well using k = 9.5 £ 0.5 MeV and ground state GDR
values (one component Lorentzian function) [42]. The shell cor-
rections for 201Tl, 290T] and 2°°Hg were taken as —8.36, —7.73
and —8.06 MeV, respectively, which were calculated within the
CASCADE code by using the droplet model of Myers and Swiate-
cki [43] with the Wigner term. The good agreement of statistical
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model prediction with experimental data for all the channels sug-
gests that the evaporation process is indeed taking place from an
equilibrated compound nucleus. The same calculation, on the other
hand, failed to represent the data for the two deformed nuclei.
Hence, in order to investigate the origin of this large yield in all
the spectra, we have performed calculations by including the col-
lective enhancement in the level density. Since, the residual nuclei
in the decay chain of 1%9Tm (8, = 0.30) and '8°Re (8, = 0.22) are
also highly deformed (168Tm (8, = 0.29), 168Er (B, = 0.29), 184Re
(B2 = 0.23) and 134W (8, = 0.24)) [44], it is expected that rota-
tional contribution in the NLD will be much larger than the vibra-
tional contribution. This enables us to consider the total collective
enhancement as rotational only. The energy dependent rotational
enhancement factor was considered as a Fermi function given as

Krot = (0 = 1) f(U) +1 )

where f(U) = (1 + eU—Ee)/dery=1 This form of the enhancement
factor is different from the one used in our earlier work [22]. In the
previous work, the neutron and GDR spectra were measured from
169Tm which probed only the fadeout region and not below it (as
can be seen in the inset of Fig. 2). In this work, the proton spectra
have also been measured which probe the excitation energy be-
low the transition region and display the Fermi function (inset of
Fig. 2). This form makes it consistent with the theoretical predic-
tions and similar to that employed in other experiments [15,23].
The magnitude of the enhancement was varied to explain the data
by replacing af with 1T, where o1 was treated as a parameter.
The enhancement factor parameters o1, E. and d. were esti-
mated from the particle spectra by considering a constant inverse
level density parameter (k) which best explains the low energy
part of the neutron spectra (below 8 MeV). In the case of y spec-
tra, the parameters were estimated considering the same inverse
level density parameter and the ground state GDR parameters as
extracted from the photo absorption cross section (two component
Lorentzian function) [45,46] in accordance with Brink-Axel hypoth-
esis and our recent GDR measurement on °Tm [47]. The values
of k for 1%9Tm and !3°Re were 8.5 + 0.6 and 9.0 & 0.5 MeV, re-
spectively. The statistical model calculations for GDR, neutron and
proton spectra, with and without the rotational enhancement fac-
tor are shown in Fig. 2. In order to emphasize the enhancement
and its fadeout, the enhanced yields compared to statistical model
calculations (without collective enhancement) are also displayed in
inset of Fig. 2 (a-f). Since, both 19Tm and '®Re are deformed nu-
clei; the GDR is split into two components around 16 and 12 MeV
corresponding to the vibration along short and long axis, respec-
tively [45,46]. At 26 MeV excitation energy, the high-energy GDR
component (16 MeV) will be dominant from the first stage of the
compound nuclear decay which enables us to extract the enhance-
ment in '59Tm and '8 Re nuclei. The low energy component can
arise from both compound nucleus as well as after neutron decay.
The signature of the GDR decay after one neutron is indeed seen in
the spectra. Interestingly, the enhancement factors used for 163Tm
and 184Re to describe the neutron spectrum, simultaneously ex-
plain the y spectrum between E, =7 and 11 MeV (Fig. 2 (a, d)).
This enhancement results from the emission of the GDR, after one
neutron decay, when the low-energy GDR component explores the
enhanced level density region. This simultaneous enhancement in
y and neutron spectra enables us to extract the enhancement in
168Tm and 84Re while the enhancement factors in '88Er and 184w
are extracted from proton spectra.

Fig. 4a displays the experimentally determined enhancement
factors from different spectra (logarithmic scale). The extracted
parameters for different nuclei are almost similar and centered
around a1 =15+ 3, E, =10+ 2 and d = 0.6 = 0.1. As can be
seen, the magnitude of the enhancements extracted independently
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from GDR, neutron and proton from both the deformed nuclei
are ~ 10. The results are consistent with the recent measurement
of enhancement from the neutron evaporation spectra for 1880s
[23]. The data have also been compared with the estimates of
microscopic calculation for Sm isotopes (similar deformation [44]
as selected in our experiment) based on state densities (Fig. 4c)
[14] and phenomenological calculation based on level densities
(Fig. 4d) [15]. It is very interesting to find that the magnitude
of the enhancements is very similar to the value predicted by
the microscopic calculation but significantly smaller than the phe-
nomenological estimates. It is observed that the values measured
from emission spectra (p, n, y) are comparable to the estimation
based on state densities [18,14], whereas the enhancement values
obtained from fragment production (~ 70 at 10 MeV excitation en-
ergy) [15] and neutron resonances (=~ 50 for Dy isotopes [18,48])
are similar to the prediction based on level densities. It is also in-
triguing to find that the fadeout of the enhancement determined
independently from the GDR, neutron and proton decay are also
similar (Fig. 4a). These values of the critical energies for fadeout
are, however, much smaller than the values predicted based on the
nuclear shape transition when the nucleus becomes spherical and
no longer supports rotational bands. The critical values for 16°Tm
and 185Re are about 60 and 40 MeV respectively (4b), calculated
based on macroscopic-microscopic model [47,21], whereas the ex-
perimentally measured values are much smaller as shown with
shaded region (10-14 MeV). It is important to note that although
the shape transition energies are model dependent but they pre-
dict the fadeout strongly dependent on the nuclear ground state
deformation as can be seen in Fig. 4(b-d). The experimental data,
however, do not display such behavior as similar fadeout value is
obtained for both %9Tm and '8Re inspite of having quite differ-
ent deformation. As a matter of fact, a similar fadeout value of
12 MeV has also been obtained recently for 1370s (8, = 0.21) from
neutron evaporation spectra [23]. It needs to be mentioned that
the collective enhancement factor in the microscopic approach is
defined relative to the mean-field state density which describes
the density of intrinsic states. The ratio of the total density to the
mean-field density describes the additional contribution of rota-
tional bands that are built on top of these intrinsic states. On the
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other hand, experimentally one can only measure the relative en-
hancement factor based on the back-shifted Fermi gas model. The
evaporation spectra are decided by the ratio of the level density
of the daughter nucleus to the compound nucleus and may not
offer a clear separation between single-particle and collective ex-
citations. Thus, the extraction of the collective enhancement factor
in the experiment and theory is totally different which may be the
reason for the early fadeout of the enhancement seen in the ex-
periment results. Apart from this, the discrepancy could be due to
the finite size of the nucleus. The finite size effect introduces large
thermal fluctuation in shape (T ~ 0.8 MeV [47]) which convolutes
the static ground state deformation and may lead to the loss of
collective rotational enhancement [47,21] much earlier. More ob-
servations are required especially in this transition region to un-
derstand the perplexing behavior of the enhancement factor and
its fadeout. Characterizing the behavior of NLD in this excitation
energy is extremely important in order to predict theoretically the
cross sections for nuclei far off stability which are not accessible
experimentally and essential in the field of nuclear astrophysics.

In summary, we present a systematic experimental evidence of
the collective rotational enhancement in the NLD by measuring
the GDR y ray, neutron and proton spectra from highly deformed
169Tm and '8Re nuclei. The relative enhancement factors deter-
mined independently from the GDR, neutron and proton spectra
for both the nuclei are around 10. The experimental observations
also demonstrate that the fadeout of the enhancement is around
14 MeV excitation energy for both the deformed nuclei although
having very different ground state deformation. This intriguing re-
sult indicates that the collective enhancement fadeout in the NLD
does not depend strongly on the nuclear ground state deformation
contrary to the current theoretical understanding.
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